Decoherence in BEC

D.D., J. Dziarmaga and W. Zurek (Los Alamos)

First generation of BEC experiments

Non-linear excitations, superfluid dynamics, vortices can be
described in a mean field approximation (GPE)
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Second generation of BEC experiments (already under way)

Explore new physics, beyond mean-field theory

¢ Schrodinger cat states
© number squeezed states
¢ quantum phase transitions

¢ quantum information



Microscopic quantum superpositions

o Cavity QED: 2 photons (M. Brune et o, PRL 77, 4887 (1996)).

o Jon traps: 4 ions (C. Myatt et al, Nature 403, 269 (2000)).

Macroscopic quantum superpositions

¢ Detection of a big cat (N = 10 Cooper pairs) in a rf-SQUID. (Friedman et
al, Nature 406, 43 (2000); van der Wal et al, Science 290, 773 (2000).

Particular persistent-current superposition states were produced, that are
eigenstates of the system Hamiltonian
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o Possible cat states in BEC (IV &~ 10° — 10°)

— Atomic cats (internal hyperfine levels or double well poten-
tial)

H; < \PL\PB + c.c.

(V) = a|N,0) + 5[0, N)

— Atomic-molecular cats (photoassociation or Feshbach reso-
nance)

Hipy o U0, Uy +cc.

|\Ij> — a|2N(atoms)7 O(molecules)> + ﬂ|0(atoms)7 N(molecules)>




Atomic cats: Two mode approx. ¥ = ¢,(z)a + ¢p(x)b

H = e,(ala+bb)+ g(awaa 1+ bibteb) + v(afab’d) — Malb+bla)
where u and v are two-body interactions, and A is the Josephson coupling.

When u — v < 0 (attractive interactions) and N|u — v| > A, then the lowest

energy subspace contains two macroscopic superpositions

) = ollah) = ()40 = 5(1N,0) &0, M)
4 (a0

Preparation of the cat state: Start with all atoms in state A, apply a strong
light pulse to produce an atomic coherent state of A and B with relative phase
¢ = 0. Then turn on the Josephson coupling for some appropriate time, then

turn it off. The final state is a Schrodinger cat state



Does the cat live long enough?

External decoherence due to the thermal cloud

o two-body inelastic collisions (amplitude decoherence ): O(2?),
z = exp(Bu) is the fugacity.

o two-body elastic collisions (phase decoherence ): O(z). They
give the leading contribution to decoherence

Master equation % X [Ng — Np,[N4— Ng, p]]

Decoherence rate:

the > 1672 (47’(’&2%?@”) N?

T = 1uK, w = 50Hz, a = 5nm, vy = 10~°m/s, V = 10~ Pm?
taee ~ 10%sec/(NgN?)

For N = 10° and Ng = 10?, we get tgec ~ 10~ "sec



What can we do to prevent decoherence?

¢ Trap engineering
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o Symmetrization of the environment

Hy = Z[es(alas + blbs) — )\(albs + blas)]

b s bs
_ath 5 pa Hp = X[(es — \)SIS, + (65 + N)O10]




Decoherence-free pointer subspace in BEC

When 2) > kgT, the antisymmetric environmental states O, are nearly empty:.
Only the symmetric states S5 are occupied. These states don’t distinguish
between A and B.

— Collisions involving symmetric thermal states don’t destroy the quantum
phase coherence of the Schrodinger cat

[V, Plajv,0y+80.3y] =0

Any superposition «|N,0) + 3|0, N) is an eigenstate of the interaction Hamil-
tonian, and will retain its phase coherence. Thus, the subspace spanned by
|N,0) and |0, N) is a decoherence free subspace (DFS).

When decoherence matters ...

When the antisymmetric states begin to be occupied, the above commutation
relation is only approximate, and the states in the DF'S will decohere.

NO
t > 1677 (47Ta2v?vT) N?

where NY is the final number of atoms in the antisymmetric states only
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Other sources of decoherence

o Ambient magnetic fields: use hyperfine levels with the same magnetic mo-
ments (|F, Mr) = |2,1), |1, —1) of 8'Rb).

o Different scattering rates: typically 1%. Symmetrization can improve de-
coherence time in two orders of magnitude.

¢ Three-body losses: BECs have finite lifetime due to collisions involving
three particles. For N = 10* one atom is lost per second. The loss rate
scales as the density squared. Increasing the radius of the dip may decrease
the decoherence rate.



